Abstract-This paper addresses the topic of high-speed interconnects in high density systems [systems on chip (SoCs), systems in package (SiPs), systems on package (SoPs), and multichip modules (MCMs)]. These microstrip or coplanar lines have, often, an underlayer of orthogonal metal grids liable to affect transmission characteristics. The characterization proposed in this paper relies on -parameter measurements and electromagnetic simulations. The grids under study are of two kinds: grounded (CC) and floating (CO). In both cases, the signal is distorted in the time domain further to the occurrence of transmission zeroes whose position depend mainly on the grid length and, of course, on the grid charge, i.e., CC or CO. In order to easily estimate this position, we developed a simple equivalent circuit model and validated it by measurements and electromagnetic simulations. Then it was used to develop a set of expressions enabling one to analytically pinpoint the location of transmission zeroes in the frequency domain, while remaining valid for any underlayer of orthogonal metal lines or grids.
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I. INTRODUCTION

S
YSTEMS on chip (SoC), systems in package (SiP), and systems on package (SoP) are currently undergoing a period of sustained development. These systems (analog functions, radio-frequency (RF) applications, and numerical circuits) are embedded on the same chip or package in order to enhance compactness and functionality [1] , [2] . The various blocks are interconnected by wires implemented in a complex 3-D medium. Because of the increase in the number of operating frequencies in silicon-based integrated circuits, the behavior of on-chip interconnects is of key importance in overall circuit performance. Transmission line effects need to be taken into account because of the long interconnect line lengths and high frequencies at play [3] , [4] . Other sources of concern are the dispersion and loss of interconnect lines [5] simple geometrical configurations such as single conductor lines, microstrip lines and coplanar waveguide (CPW) [6] - [8] , have been mainly used to characterize and model the effects generated by high-speed interconnect transmission lines. According to the conventional Manhattan routing practice [9] on-chip grids are created by setting two adjacent metal layers at right angle. As the characteristics of the embedded transmission line are known to be significantly affected by the meshes [10] - [12] , the characterization and modeling of the impact of orthogonal grids on the transmission characteristics of interconnect lines is paramount.
This paper deals with investigations about the propagation across microstrip or coplanar-like wires placed on the higher level of the interconnect network also referred to as "global level" and above an orthogonal metal grid. Section II presents the structures under study (microstrip and coplanar lines situated above a metal grid), the results of their measurements, and a full-wave electromagnetic analysis. The occurrence of transmission zeroes, which means that the parameter is null and that no signal can propagate from port 1 to port 2 drove us to propose, in Section III, a simple circuit model in order to predict the value of the "resonant frequency." This model is validated by comparison with measurement results and full-wave electromagnetic analysis. We also propose analytical expressions allowing one to predict at which frequencies the transmission zeroes will occur. Finally, in the last section, we discuss the influence of orthogonal metal grids on signal propagation in SoC or SoP technology. Fig. 1 shows the microstrip and coplanar structures under study with, respectively, grounded or floating grids. The lines were implemented by using the multilayer technology available within our laboratory. The line dimensions and characteristics are close to those in SoP and Multi-chip Module (MCM) technologies. Let us consider, hereafter, a 1.5-mm-long line.
II. MEASUREMENTS AND ELECTROMAGNETIC ANALYSIS
About the microstrip structure, the lines of width m are placed over a FR4-epoxy substrate (thickness: m, permittivity:
, and loss tangent: ). The grids are located in the middle of the substrate whose lower part is a grounded plane. We considered several grid density values The thickness of metallization is m, and usually, refers to the grid length (Fig. 2) .
Several microstrip or CPW lines with no grid were also implemented on the same plates as the structures under test to constitute references. To permit probe measurements, coplanar access points are available on every line. The measurements were made with a TEKTRONIC network analyzer over the 1-50 GHz band after "TRL" [thru reflect line (1.5 mm)] calibration.
Figs. 3 and 4 compare the results of the electromagnetic analysis performed with a fullwave finite element (FE) code (Ansoft HFSS) and measurements for the -parameters of the microstrip structure equipped with either a grounded grid or a floating one, respectively. Figs. 5 and 6 deal with the coplanar line under the same conditions of simulation and measurement.
One should note the good match between measurement and HFSS results; the slight differences likely come from uncertainties in the realization process. This finding highlights the relevance of using this full-wave electromagnetic simulator in investigations about other structures and/or developments of simple and efficient models of lines with an orthogonal metal grid underlayer. In every structure under test, it is worth noting the occurrence of a zero at a certain frequency for the -parameter (transmission parameter). Table I shows that these transmission zeroes are not very sensitive to change in grid density; the nature of the line type (microstrip or coplanar), the grid line length, and grid line end are more influential parameters. The loading of the lines by their characteristic impedances explains the lack of longitudinal resonance in both measurements and electromagnetic simulations: reflection on the access cannot take place. The transmission zeroes are then only due to the presence of the grid. As they are detrimental to the signal propagation, it is worth developing models enabling the prediction of such transmission zeroes.
In order to highlight the impact of such transmission zeroes on numerical signals, we carried out a time domain simulation on using the -parameter values obtained by measurement on the coplanar line with a connected grid underlayer. Fig. 7 illustrates the simulation principle, whereas Fig. 8 compares the measured -parameter and the input signal spectrum. Fig. 9 presents the results of the time-domain simulation of the coplanar structure with and without the grid underlayer. There is no doubt that such a very marked deformation of the output signal will be very penalizing in a digital circuit.
According to Table I data, the location of the transmission zeroes would be dependent upon the grid length . This drove us to plot in Fig. 10 the values of the resonant frequencies issued from electromagnetic full-wave simulations (An- soft HFSS) versus for the microstrip line with either the grounded grid or the floating one: with the grounded grid, the transmission zeroes are set at lower frequencies than with the floating grid.
III. MODELING AND ANALYSIS
At this stage it sounded to us worth develop a simple circuit model describing the behavior of lines over a metal grid and able to predict resonant frequencies. As grids are homogenous, it can be done on focusing, at first, on the case-study of a single one elementary cell [12] . Fig. 11 illustrates the concept of the basic cell for microstrip and coplanar structures. A microstrip unit cell can be modeled by a general equivalent circuit with ideal transmission lines and lumped passive capacitance. Let be a line of length with mid coupling to the grid line through a capacitance . On condition that two impedances, and , form the grid line ends, (connected grid) and (floating grid). As the lengths of grid line on either side of the upper microstrip line can be different, let us denote them by and . Fig. 12 presents this general unit microstrip cell model.
A. Microstrip Modeling
In Fig. 12 , denotes the characteristic impedance of the microstrip line with no grid, and is the propagation factor; and are, respectively, the characteristic impedance and the propagation factor of the grid line. All of these parameters can be easily determined. The capacitance value can be easily computed from the plane capacitance formula (1) where and , respectively, denote the width of the upper microstrip line and that of the grid line; is the substrate thickness, is the relative permittivity, and is the void permittivity. In this application, the simplified model proposed in (1) is sufficiently precise to find the frequency involving transmission zeroes. Other models of capacitance can be used to find more accurate results [13] . Fig. 13 compares the HFSS results with those obtained by circuit simulation carried out on using the previous unit cell model of a microstrip line over a metal grid grounded on one side and floating on the other one. The grid dimensions are m, m, and the length m. One should note 1) the good match between the resonant frequencies found by both approaches, and 2) the levels of the parameters are also comparable. As the focus of our investigations was only the resonant frequencies, we did not try to otherwise improve this cell model.
B. Computation of the Microstrip Resonant Frequency
The use of the simplified model enables us to determine the resonant frequencies which involve a transmission zero.
The impedance seen by the microstrip line in the plane (see Fig. 12 ) can usually be expressed as (2) where and are, respectively, the left and right impedances transferred by the grid line to the same point as the capacitance coupling . These impedances are given by (3) where and are, respectively, the characteristic impedance and the propagation constant of the grid line, denotes the impedances on the grid line ends [14] ( for a connected grid and for a floating one), and is the length of the left or right part of the grid line.
If the microstrip line is short-circuited in the plane , a transmission zero will occur. Consequently, the frequencies at which transmission zeros appear are the solutions to (4) When both sides of the grid are connected to the ground, the two impedances are negligible , and thus the expression of the impedance becomes (5) In the case of the floating grid, the two load impedances tend to infinity and then the impedance can be written as (6) In the classical case of a grid grounded on one side and floating on the other, the impedance in the plane is (7) With the microstrip line, solving (4) allows one to easily predict the frequency relative to the first transmission zero whatever the type of grid ends (CC-CC, CO-CO, and CO-CC) and for different grid lengths. This case study is illustrated by Fig. 14 .
The worst case scenario corresponding to a transmission zero at lower frequency takes place when the grid is unsymmetrically loaded. The highest resonant frequencies are characteristic of the floating grid. Fig. 15 defines the concept of unit cell in the case of a coplanar line with an underlayer metal grid. The proposed model for this unit cell (Fig. 16) is slightly different from the microstrip one. Two inductances have been introduced to simulate the part of the grid without ground plane above; its lengths are denoted and , in general case. In Fig. 16 , represents the length of the grid under the ground of the upper CPW line, and are the terminal impedance of the grid ( for floating grid, for grounded grid). The coupling capacitance can be determined, in a first approach, by (1) considering the width of the CPW central conductor and the grid line width. The inductances , introduced in the circuit model are proportional to the length of the grid without ground plane, can be deduced from the following empirical relation: (8) where is the length of grid without ground above (in micrometer), is a grid line width-dependent coefficient, and is the inductance corresponding to the end effects. The inductance value is then expressed in nanohenry (nH). Fig. 17 compares the values of the -parameters of a coplanar line over a grid obtained by HFSS simulation with those issued from the circuit model. The conditions used for running simulations were coplanar line with a ground plane width m, spacing between the ground plane and the central conductor m, central conductor width m and an overall length of 1500 m. The grid consisted of 14 grid lines of width m and spacing was m. Under these conditions, the inductance and a coupling capacitance were found to be , respectively.
C. CPW With Underlayer Grid Modeling
The good agreement found between both approaches, provides evidence of the model ability to predict at which frequencies transmission zeroes will appear.
As the frequency at which a zero will appear is strongly dependent upon the width of the ground plane of the coplanar line, we studied by HFSS full-wave electromagnetic simulations a coplanar line with a large grounded plane and a connected orthogonal metal grid. Fig. 18 shows the frequency shift of the transmission zeroes towards the highest frequencies when the CPW ground planes are infinite. This comes from the higher value of the inductance of the grid part with no ground above compared to the line inductive effect.
IV. DISCUSSION
In order to assess the risk of occurrence of transmission zeroes we studied a microstrip interconnect with an orthogonal metal grid underlayer in a SoC environment and in a SoP one. The two lines were such that the characteristic impedances were equal to 50 . Table II gives the dimensions of the two lines under study. In both cases the grid length was m, and the coupling capacitance was determined from relation (1). Because of the smaller dimensions of the SoC circuit its coupling capacitance is about ten times lower than that of the SoP circuit [15] - [17] . All of the other parameters are similar (characteristic impedance of the microstrip line, characteristic impedance of the grid line, etc.).
With the model presented in Fig. 12 , we simulated a single unit cell of this two interconnect in the worth configuration of grid charge CC-CO. We present Fig. 19 the transmission parameters of these structures.
In both cases, the transmission zeroes appear at the same frequencies because of the similarity between the grid lengths. But their magnitudes are very different (two different scales) because of the smaller coupling capacitance in the SoC circuit compared to the SoP one. There is no doubt that the level of zeroes would be higher on condition to consider more unit cells.
Further to this simple study, transmission zeroes are expected to be a source of concern when SoP, SiP, and MCM technologies are used. In the case of VLSI, or more generally in the case of SoC technology, the coupling between two adjacent levels of metal will be too small to hamper the propagation.
One should note that line losses were neglected in the models under study because they are known to affect the magnitude of -parameters, but not the frequency of transmission zeroes.
V. CONCLUSION
In this study, we highlighted the occurrence of transmission zeroes for lines situated above an orthogonal metal grid. As these transmission zeroes can strongly hamper signal propagation, we developed a simple circuit model to predict the frequencies in relation with these zeroes. This simple model based on a circuit approach proved to be of high interest for MCM, SoP, or SiP circuit designers. Then, this model was translated into equations in order to allow one to quickly analytically compute the critical lengths of orthogonal metal grid while avoiding simulations. At last, we showed that the impact by the grid on the occurrence of transmission zeros is more critical in MCM, SoP, and SiP technologies than in VLSI and SoC ones because of the larger line widths. 
